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In the 1960’s Soviet and U.S. investigators studied a variety of bio-
logical specimens on unmanned space vehicles. Most of these simple experiments
reported normal growth and function, however, a few isolated results indicated
increased growth in procaryotic cells (Taylor, 1974-review). Experiments with
E. coli K-12 (lambda) phage on over 20 Soviet flights, beginning with Vostok
series, showed an increased phage induction in lysogenic bacteria, which was
correlated with mission duration (Parfenov and Lukin, 1973). The role of micro-
gravity, however, was partially obscured by contribution of galactic radiation
and some evidence that launch vibrations followed by increased radiation may
ingrease the mutation rate (Zhukov-Verezhnikov et al., 1965). Flight experiments

on Biosatellite II indicated that the cell density of Salmonella typhimurium

cultures were greater than control cultures on Earth (Mattoni, 1968). During
the 1970’s a number of microbial studies were conducted to sort out the relative
effects of microgravity and increased radiation exposure during orbital flight
(Taylor,1977). Since then only a few cell biology experiments with insect, mam-
malian and plant cells have been flown (Taylor,1986). Figure 1 summarizes the
significant results (excluding plant cell effects) indicating direct effects of
microgravity on cells in vitro.

Only a few experiments have been performed on eucaryotic cells. These
were confined to small holding chambers maintained at constant temperatures per-
mitting only basic observations on orbit and occasional sample fixation for post
flight analyses. No experiments have yet been possible in a carefully controlled

perfusion bioreactor wherein nutrients can be constantly replenished and waste
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products rémoved to avoid toxic levels.

Although Skylab experiments with WI-38 lung fibroblasts indicated that
subcellular structure and growth was unchanged some indication of increased
glucose utilization was observed( Montgomery, 1974). The noteable lack of major
effects and theoretical predictions that subcellular 6rganelles would not be
subject to sedimentation or other gravitational effects resulted in dramatic
narrowing of focus for U.S. cell biology flight experiments. From 1975 to 1981
current theories held that cell function and intracellular physiology would be
unaffected by exposure to microgravity.

Recent findings, however, clearly demonstrate that cell functions are
significantly altered by micro-G. French experiments on Salyut-6 & 7 with

Paramecium tetraurelia showed clearly an increase in cell proliferation rates

and cell volume after just 60 hours of spaceflight (Planel,1981 & Tixador,1984)
Hungarian-Soviet experiments on human lymphocytes showed that in vitro cultures
exposured to several interferon inducers on orbit caused the release of 4-8x
more alpha-interferon than ground controls( Talas et al, 1983). In contrast
lymphocytes from cosmonauts do not respond to interferon inducers after space-

flight as they did preflight. Also in vivo Gamma-interferon production in rats

on Spacelab-3 was severely inhibited (Gould et al, 1985). Swiss experiments on
Spacelab-1 showed that Concanavalin A mitogen stimulation of lymphocytes in

vitro was reduced by 97% in microgravity (Cogoli et al, 1984) in contrast to a

30% increase in mitogen response at 10-g's (Tschopp and Cogoli,1983). Dramatic
reduction in mitogen response was also confirmed on the D-1 Spacelab mission as
described below. Observations from STS-8 and definitive results from Spacelab-3

showed that in vitro mammalian pituitary cells did not release normal amounts

of growth hormone during flight, Moreover, the growth hormone secretions from
pituitary cells taken from the flight animals and transplanted postflight into

hypophysectomized animals did not stimulate growth of long bones as did control
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cells (Hymer et 2}, 1985). In contrast prolactin secretions from those cells
appeared unaltered by the spaceflight. In vitro experiments on STS-7 and STS-8
determined the efficiency of human kidney cells attachment to collagen coated
microcarrier beads (Tschopp et al, 1984). It was expected that attachment would
be less after mixing in micro-g since opportunities would be limited by random
collisions. However, results showed a significant increase in attachment within
the first three hours (Morrison and Lewis, 1986). Once cells were attached, both
the flight cells and the ground control cultures appeared to grow at the same
rate, at least for the first 25 hours.
The most dramatic results have just recently come from the Spacelab

D-1 mission, wherein the Biorack experiments studied the effects of micro-G on
the structure, proliferation, differentiation and functions of some nine differ-
ent procaryotic and eucaryotic cells (See Figure 2). For the first time inflight
experiments were performed at both micro-g and 1-G and the results were compared
to ground controls. Figure 3 summarizes the results (Mesland et al., 1986)
which indicate significant effects of spaceflight on cell growth, development
and function. These include evidence for increased resistence of E. coli to an
antibiotic and increased proliferation rate and greater cell mass of B. subtilis
cultures. Also transfer of DNA during conjugation of bacterial cells was 2-3x
greater in microgravity. Cell proliferation of Paramecium sp. was increased 4x,
cell volume was increased and intracellular calcium was decreased which confirm-
ed earlier results from experiments on Salyut flights. The in vitro mitogenic
response of human lymphocytes to Con A showed a 90% decrease under microgravity
conditions, whereas the inflight 1-G control cultures showed a 60% loss of
response compared to ground controls.

In general, these experiments clearly showed significant alterations of

cell proliferation, differentiation, and embryonic development (insect cells).
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These results have already created a renewed interest in cellular effects of
microgravity which may provide new insight into some human physiologic responses
to prolonged spaceflight. They also indicate that space biotechnology process
studies need to include effects of microgravity on the specimens to properly
assess the potential advantages and trade-offs for a éarticular biological
application.

Future flight experiments will require more sophisticated culture
facilities. Experiments with fragile mammalian cells will require a capability
for growth and maintenance of a large number of cells in a precision controlled
culture environment. Figure 4 illustrates a typical growth curve for kidney
cells grown on microcarrier beads. Attachment and proliferation requires a com-
plex culture medium usually supplemented with serum. All sera contain a variety
of known and unknown "growth factors" in addition to a large complement of dif-
ferent serum proteins and hormones (Taub, 1982), some of which are inhibitors
of cell secretions (Verheijen, 1986). During log growth nutrient consumption is
varied and often rapid for certain critical molecules. Waste product accumula-
tion also can be quite rapid. Often cell secretion of important hormones and
other proteins is depressed or absent during this phase. Once adequate packing
density or confluence is reached growth and metabolic rates become slower. Then
culture medium can usually be switched to a more simple, defined formula which
can be designed to encourage cells secretions into the medium.

The indicators for improved cultures under better controlled local en-
vironmental conditions are different for growth phases and cells maintained at
confluence. During proliferation the main indicators which can be quantitated
are attachment, viability, and replication rate. However, in stable maintenance
culture one can measure cell survival, cell turnover, respiration and metabolic
rates, specific nutrient depletion rates, changes from aerobic to anerobic meta-

bolism, and rates of product secretion. The first microgravity experiments in a
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suspension-type Space Bioreactor are likely to be designed for separate studies
of cells cultured either under proliferation conditions or under maintenance
conditions specific for confluent cells with target secretory functions. Later
flight experiments can be accomodated which look at the entire sequence of cell
culture in a continuous operation where medium changeout can be accomplished
via a dedicated microprocessor control system.

Some initial flight experiments have been proposed and concepts for
other bioprocess experiments have been defined (See Figure 4). Various versions
of the first Space Bioreactor also can be used to maintain cells under strict
environmental conditions to support some of the more elaborate cell biology
flight experiments. Typical experiment requirements are already being incorpor-

ated into the basic design of the first flight prototype.

REFERENCES CITED

Cogoli, A., Tschopp, A. and Fuchs-Bislin, P. 1984. Cell sensitivity to gravity.
Science 225: 228-230.

Gould, C. L., Williams, J. A., Mandel, A. D., and Sonnenfeld, G., 1985. Effect
of flight in mission SL-3 on interferon gamma production by rats, In Press,
The Physiologist.

Hymer, W. C., et al., 1985. Microgravity associated changes in pituitary growth
hormone (GH) cells prepared from rats flown on Spacelab 3, The Physiologist 28:
(No.6,Suppl.) 197-198.

Mattoni, T. H. T., 1968. Spaceflight effects and gamma radiation interaction
on growth and induction of lysogenic bacteria. Bioscience 18: 602.

Mesland, D. A. M. et al., 1986. ESA Biorack Experiments. Preliminary science
results obtained on the German Spacelab D-1 mission, ESA Document # TB/DM/DC/6397
March 10, 1986, European Space Agency, Paris 75738.

Montgomery, P. O'B., et al., 1978. The response of single human cells to zero-
gravity. In Vitro 14: 165-173.

Morrison, D. R. and Lewis, M. L., 1986. Transport, harvest and attachment of
kidney cells on microcarriers in micro-G. Proceedings of the Second Annual meet-
ing of the American Society for Gravitational and Space Biology, October 1-3,
Charlottesville, va.

221



Parfenov, G. P. and Lukin, A. A., 1973. Results and prospects of microbial
studies in outer space, Space Life Sciences 4: 160-179.

Planel, H. R., et al. 1981. Space flight effects on Paramecium tetraurelia
flown aboard Salyut-6 in the Cytos I and Cytos M experiments. Adv. Space
Research 1: 95-100.

Talas, M., et al., 1983. Results of the space experiment program "Interferon"
I. Production of interferon in vitro by human lymphocytes aboard space labora-
tory Salyut-6 ("Interferon I") and influence of space flight on lymphocyte
functions of cosmonauts ("Interferon III").Acta Microbiologica Hungarica 30: 53
-61.

Taub, M. 1982. Hormones control the growth and function of cultured kidney cells
in: Growth of Cells in Hormonally Defined Media, eds. G. H. Sato, A. B. Pardee
and D. A. Sirbasku, Cold Springs Harbor Conferences on Cell Proliferation, Vol.
9, Cold Springs Harbor, New York, pp. 581-592.

Taylor, G. R., 1974. Space Microbiology. Annu. Rev. Microbiol. 28: 121-137.

Taylor, G. R., 1977. Cell biology experiments conducted in space. Bioscience
27: 102-108.

Taylor, G. R. 1986. Cell anomalies associated with spaceflight conditions. in:
Proceedings of the Fourth International Symposium on Immunobiology of Proteins
and Peptides, Dec. 1-4, 1986, Las Vegas, in press.

Tixador, R., Richoilley, G., Gasset, G., and Planel, H., 1984. Effects of
gravity and cosmic rays on cell proliferation in Paramecium tetraurelia. Adv.
Space Res. 10: 91-95.

Tschopp, A. and Cogoli, A. 1983. Hypergravity promotes cell proliferation.
Experientia 39: 1323-1329.

Tschopp, A., Cogoli, A., Lewis, M. L. and Morrison, D. R., 1984. Bioprocessing
in space: Human cells attach to beads in microgravity. J. Biotech. 1: 287-293.

Verheijen, J. H., 1986. Assay of plasminogen activators and their inhibitors.
Eighth International Congress on Fibrinolysis: Workshop on Fibrinolysis, Vienna,
Austria, August 24-25th.

Zhukov-Verezhnikov, N. N., et al., 1965. Results of microbiological and cyto-

logical investigation conducted during the flights of "Vostok" type vehicles.
Probl. Space Biol. 4: 252-259.

222



TUONIBIIUIIIJJIP []30 puUe
voIleliajijoad [90 Ul sadueyd

1 3ANDId

( s9dL16)
SII99 21104180N5 B} 21104382034

gV T1I0VdS 1-a

%08 - 0F Pasealoul juawWYOeIIE s[132 Aaup1y oruokiquy 8-SIS

%6 Pasealdap asuodsai d1us3011Ww (OITTA TY) s31400qdw ] uewny 1-9VTIDOVdS
UO0113303s UIdejoid [eWI0U

*3J239P UOI13I23S IUOWIOY YiMo0i3 s]199 Asejinlid €-1S ‘8-SIS

X¥ 35Ul uolPnpoid B013]131T] (OITTA TI) sa14d0qdw A 9-Indjeg

Paseaidul 3ZIs B 91e3 YiAois (] 1) 1'9-1nALjesg

("out asoan[3 ) y140138 jewiou sisejqoiqij 8unj gC-I M ¢-qejiys

$1Y311J 0Z) pasealdul uononpul 33eyd epquwej 705 ] € POYXSOA

pased31oul §iAa013 STIEBTNA SNII0Id 9-1nijeg

pasealour yimois WNIINWIYTAT E[[oUOW[ES d1IT71a1VSoId

SINS3A ST "NOISSH

223



ORIGINAL PAGE IS
OF POOR QUALITY

986 [

18 19 puBIS3K woay

NOIIVOI1S3ANI 40 1J3r8ns

L LT
NOISSIN 1-Q 3HL HO4 SIN3IWIHAIX3 NOVHOIB - ¢ old
3vOv N3O 11840 ® NIOVHNIOUIN 'Q qg @
uBXONE ‘H .

WON | pouviavy @ ¢«

$OO3 103N %S ¢ @oNe H Q- e—
$003 A4 LINY4 ®-© OJ¥WN Y 2 s
SOD3 NVIBIHINY ®--- 9 s3eeN'vo W
00018 NYWNH ®-® 170002 'V HD ¢
AWVKW NS ALIAVNO . WNKOS ‘A a o

OYOIN

$I1ADOHINAY ¢o-® 10D0d 'V HO ¢¢
viy310ve - woavxis ‘¥ 4°°09
vigagove | 20000 @e--eee-- < Fc.&.:co: ‘0°H g e
HAIDINVE VY ¢-o TINV H 4712
$Q33S WLNI ¢----9 Ve 'O 4 "6
$S1130 YWSYd ® 3TN0 ‘N 4 o

WSINYOUHO 40 133443 — ﬂ HOLVOLL SIANY INIWIHAIXI

SISIN3OOANBNI — _I WNLONULS
NOILYILN3I¥3 4310 NOILVM34NO¥d
NOMOVY3INI -~ ﬁ NOVLONNJ

224




¢ TANOI1L

yiJey 01 UIN13J JOIJE YIMO0IS [RWIOU ‘SISIYIUAS YNY '2JNIONIISLIIN - SBWOPIIQAY []20 ewse|d

$.0-0[ 12 3sB3IOUI X0 "SA [0JIUOD 1YBI[JUI -] UI 3SLIIIP %09

206 UeY] 2Jow AQ posealdap seA 3suUodsal 21028011W YUO) Jvy] PAWIIJUOD

PasE3IIap SEA ¥) JR[N[]IDOEIIVI PUR PISEIIOT] SWNJOA []3D
(S1InS33 £ % 9-1NA[RS PIWIIJUOD) X§ PISEIIOUV] BONIRIDJI|0I] [13D

pasueyoun A1121po1iad ‘Surwealis o1wse[dojoid Jo £I100]3A paseaIduy
$S9] SeA uorne[niods ‘3218218 sSeWOIQ JRUI] ‘JII[IJBI pIlIeis YiAa0i3

N-] S® JWeES UOIIRWIOJSTRI] PUR TOIIONPSTRI]
Jay3ig Y¢-7 sea vonedn(uod 1® Jajsuely YNd

0-1 1¢ [/8Ww | SA [/8w z (91101QI1UR) TIISI[O) O IDURISISII PIsSLIIOUL

S$3[eWSJ 10U InQ ° S3[eW Jo Uwds-3JI] Ul I58IIDIIP
(19311JU1 % g1Ieg) 9-1 Jo 18Y1 XC[-01 AJUO SBA $S0AIqWD PadoJIAIP JO 0T
(9-1) 1031002 1481[JUI Tey)
aJow %CZ PUR (giieg)n-| Uyl 3J0W %X 0FZ SEA pPIA®]| S0JAQWS3 JO "0U
SIDAIIT 5-0IIN
(S861 "AON)

{uewny) sajho0qdw L]

225




(1'n) NAoud
2SO INTITED 40 SISHHINASOIM -
(1dl) Nosualad
NOILVINANYEd ISVHI -
(QEN EDVTIHAOT) id1
SVNOJI¥GAH HTIOVEd -
(CH'N) IWTIDNA
VIGEIN 11d4nd NI 53011nD -
ATIEDS ‘CAN'N'S) NVIZOIIEY
SISV1d010odd INV'Id 40 HIAOHO -

TEIDEdYH S$TVS0d0dd SHHIO

NOILVNIOd 1DNaodd -
SSHALS TIHD -
NSI'TOAVIEN TIH) -
"H'N ‘1Y IS -S108448 AVAHS AOT (T
ALISNHA HOIH -
INENHOVILV QHSVHYONI -
ASNOH NI JS[ -HIAOY9 T18D AANAIX (I

NOIIVIVATEd NI

$TvVsSododd
LHOI'Id ¥0LDVHEOIY

‘814

L e T TV,
(1eomarsny porasamt) M) wwm
rasns 3 ey amms

(sAeQq) eun) pesde[3 uoISSIy

L] ()
1 ] L F )
T v

. .
s 1 L
T T T

peog/syed

NOIGEN
NolLINAoud
01 HILIAS

Fou

NolLNAONd
NIZL0ud
40 asSVHd

FSEl

oNo1 - _

_ <=P-.=U _ \

SHANLTIND ‘TTH) NVHNAH TVIIdAl

(13T
Yyimorn
607
osvYyy
]

(sunsey 8-S15)

usurppely

ORIGINAL PAQE 12
OF POOR QUALITY

226



